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[1] When the Radio Plasma Imager (RPI) on the IMAGE satellite operates in the inner
plasmasphere and at moderate to low altitudes over the polar regions, pulses emitted at the
low end of its 3-kHz to 3-MHz sounding frequency range can propagate in the whistler
mode and/or in the Z mode. During soundings with both 25.6-ms pulses and 3.2-ms
pulses, whistler mode echoes have been observed in (1) ‘‘discrete,’’ lightning whistler–
like forms and (2) diffuse, widely time spread forms suggestive of mode coupling at the
boundaries of density irregularities. Discrete echoes have been observed at altitudes less
than �5000 km both inside the plasmasphere and over the auroral and polar regions, being
most common inside the plasmasphere. Diffuse echoes have also been observed at
altitudes less than 5000 km, being most common poleward of the plasmasphere. Either
discrete or diffuse echoes or both have been detected during one or more soundings on at
least half of all IMAGE orbits. In regions poleward of the plasmasphere, diffuse Z mode
echoes of a kind reported by Carpenter et al. (2003) were found to accompany both
discrete and diffuse whistler mode echoes 90% of the time and were also present during
90% of the soundings when no whistler mode echoes were detected. It is proposed that the
observed discrete whistler mode echoes are a consequence of RPI signal reflections at the
bottom side of the ionosphere and that diffuse whistler mode echoes are a result of
scattering of RPI signals by geomagnetic field-aligned electron density irregularities
located within 2000 km earthward of the satellite and in directions close to that of the field
line passing through IMAGE. Diffuse Z mode echoes are believed to be due to scattering
of RPI signals from electron density irregularities within 3000 km of the satellite,
particularly those in the generally cross-B direction. Consistent with previous works, our
results indicate that the magnetosphere at high latitudes is highly structured, with electron
density irregularities that exist over cross-B scales ranging from 10 m to 100 km and
that profoundly affect whistler mode propagation. It is demonstrated that both kinds of
whistler mode echoes as well as diffuse Z mode echoes have potential for local and remote
diagnostics of electron density distributions and structures. INDEX TERMS: 2403 Ionosphere:

Active experiments; 2772 Magnetospheric Physics: Plasma waves and instabilities; 2794 Magnetospheric
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1. Introduction

[2] The Radio Plasma Imager (RPI) on the IMAGE
satellite (1000 km � 7.2 RE altitude polar orbit) was
designed to use the classical radio sounding technique at
geocentric distances up to �8 RE [Reinisch et al., 2000;
Burch, 2000]. The sounding frequency range was extended
downward from 3 MHz to 3 kHz to permit determination
of the electron density ne in outer magnetospheric plasmas
as tenuous as ne = 0.1 cm�3 and the reception of echoes
from remote plasma regions with 10 < ne < 105 cm�3. In
planning the experiments it was realized that signals
transmitted at frequencies below either the local plasma
frequency fpe or gyrofrequency fce, whichever is lower,
could propagate in the whistler mode, and that Z mode
echoes could be excited in a band below the local upper
hybrid frequency fuh. The whistler and Z modes are called
‘‘trapped’’ modes, as opposed to ‘‘free space’’ modes,
because of the upper frequency limits on their local
propagation imposed by the dispersion relations for wave
propagation in plasmas [e.g., Budden, 1985]. Figures 1a
and 1b are dispersion diagrams, plots of frequency f = w/
2p versus wave number k, that illustrate schematically the
relationship between the trapped modes and the free space
ordinary and extraordinary (O and X) modes used in
conventional radio sounding. Figure 1a represents the
condition fpe/fce > 1, which is common below �2000 km
and above �4000 km within the Earth’s plasmasphere,
while Figure 1b represents the condition fpe/fce < 1, which
regularly prevails over a wide range of altitudes in regions
poleward of the plasmapause.
[3] A key difference between the free space O and X

modes and the whistler and Z modes is in the phase
velocity, expressed as 2pf/k � w/k, which exceeds the speed
of light in vacuum for the O and X modes but is sub-
luminous for the whistler mode and the right-hand-polarized
branch of the Z mode at frequencies above fpe. The whistler
mode and right-hand-polarized Z mode are therefore capa-
ble of strong resonant interactions with the hot electron
plasmas of the magnetosphere.
[4] The operation of a whistler mode transmitter in the

magnetosphere has been an unrealized goal of space scien-
tists for many years. Interest in a spaceborne transmitter
project was stimulated by ground-based whistler mode
wave injection experiments from Antarctica which showed
that relatively weak (a few watts radiated power) coherent
signals injected into the outer plasmasphere at frequencies
between 2 kHz and 6 kHz could experience wave growth by
30 dB and be received at a conjugate ground station
[Helliwell and Katsufrakis, 1974, 1978].
[5] In the late 1970s a NASA study group was formed to

consider active wave experiments from the Shuttle [e.g.,
Fredricks et al., 1978; Dyson, 1978; Inan et al., 1981]. This
group and its successor developed plans for a wave injec-
tion mission called WISP, to include a transmitter on the
Shuttle and signal detection on a subsatellite. The project
was selected for a Shuttle flight in the mid 1980s but was
cancelled after the Challenger accident in 1986.
[6] Scientists in Russia and the former USSR also sought

to implement whistler mode wave injection experiments.
The low-altitude AKTIVNY satellite, launched in 1990,
carried an inflatable loop antenna but was unsuccessful in

producing detectable whistler mode signals, possibly due to
a failure of the antenna to deploy correctly [e.g., Sonwalkar
et al., 1994]. It was reported, however, that the antenna
excited electrostatic turbulence close to the ACTIVNY
satellite [Molchanov et al., 1997].
[7] Once IMAGE moved into the development phases, its

broad potential for whistler mode probing became clear. It
was pointed out that in major parts of the plasmasphere the
whistler mode refractive index is high, of order 10, and the
long RPI antennas are approximately a half wavelength in
extent and can have a radiation efficiency at whistler mode
frequencies of as much as 10% [e.g., Sonwalkar et al.,
2001], much higher than when, usually at much higher
altitudes, radiation at those same frequencies is in the free
space modes. In the latter case, the efficiency of the
antennas drops steeply with decreasing frequency below
100 kHz from a maximum near 200–300 kHz [Reinisch et
al., 2000].
[8] At the time of IMAGE launch, there were a number of

questions about prospects for whistler mode detection. First
of all, an antenna tuning network developed for antenna
impedance control would be in regular use [Reinisch et al.,
2000]. Under free space conditions, the antenna impedance
would be mainly capacitive for f < 300 kHz; hence various
combinations of switchable inductors and tuning capacitors
would be used to minimize the reactance at a set of
approximately logarithmically spaced frequencies extending
up to �300 kHz. Above that frequency the reactance would
be primarily inductive, and switchable capacitors would be
used for tuning [Reinisch et al., 2000]. Under whistler mode
conditions this antenna tuning would not be ideal; because
of the antenna sheath capacitance, larger inductors would
generally be needed for impedance control at particular
frequencies below 300 kHz (the half-wave resonance
frequency of the long antennas in free space), while above
300 kHz, inductors, and not the planned capacitors, would
be desirable.
[9] Secondly, would detectable whistler mode echoes

be produced during sounding with short, 3.2-ms pulses,
either with or without the use of coherent integration? At
frequencies greater than about 10 kHz, such pulses might
experience substantial spreading losses as well as iono-
spheric attenuation because, as discussed below, they
must travel back and forth along paths from IMAGE to
reflection points along the bottom side of the ionosphere.
In past ionospheric topside sounding work, whistler mode
echoes were relatively rare, being confined for the most
part to frequencies below 800 kHz, at which the power
output of the sounders was relatively low. Muldrew
[1969] reported reception on Alouette 2 of whistler mode
echoes in a band from the sounder’s low-frequency limit
of 200 kHz up to 850 kHz. The echoes occurred on a
limited number of ionograms acquired at high latitudes in
early morning. The author interpreted these echoes as
having reflected at the Earth’s surface after undergoing
conversion to the right-hand-polarized extraordinary mode
at a lower-ionosphere altitude near or below 100 km
where the wave frequency equals fpe.
[10] Introductory announcements about whistler mode

echoes from RPI were made by Sonwalkar et al. [2000]
and Fung et al. [2003]. In this paper we describe discrete
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and diffuse whistler mode echoes that have been detected on
many occasions during routine RPI sounding operations
with 3.2-ms pulses, both with and without the use of
coherent integration. We then discuss the conditions of
occurrence of the echoes and conclude with an illustration
of the use of the echoes for measurement of low- to
medium-altitude electron density and structure in the
magnetosphere. We also discuss and illustrate the diagnostic
potential of certain diffuse Z mode echoes that are almost
always present on RPI records from locations where fpe/fce <
1. An overview of RPI Z mode echoes is presented in a
paper by Carpenter et al. [2003].

2. Instrument Description

[11] RPI is a multimode instrument [Reinisch et al., 2000]
in which sounding and listening frequencies, range detec-
tion, pulse characteristics and repetition rate are adjustable
parameters over a wide range of values. The instrument
covers the frequency range from 3 kHz to 3 MHz with a
receiver bandwidth of 300 Hz. There are three orthogonal

thin wire antennas, two 500-m tip-to-tip dipoles in the spin
plane (X and Y) and a 20-m tip-to-tip dipole along the spin
axis (Z). The long dipoles are used for transmission, and all
three antennas are used for reception. The nominal radiated
power from RPI, variable (in terms of free space mode
excitation) from 0.1 mW at low frequencies to �10 W per
dipole at 200 kHz, was reduced by 3 dB on 8 May 2000
when the power supply for the y-axis transmitter failed. A
further reduction occurred on 3 October 2000, when one of
the x-axis monopoles was partially severed, apparently by a
micrometeorite, reducing the dipole length to 340 m. On 18
September 2001 an unknown (presumably small and neg-
ligible) section of the Y antenna was lost. In spite of these
difficulties, excellent data have continued to be acquired, as
described below.
[12] Having been designed as a sounder, RPI (as already

noted) is far from ideal for whistler mode applications,
being limited to a receiver bandwidth of 300 Hz and during
most regular sounding operations to pulses of 3.2-ms
duration. There are compensating factors, however, such
as the availability of a 500-m dipole antenna for transmis-

Figure 1. Dispersion diagrams, in coordinates of wave frequency f versus wave number k, showing
regions of oblique propagation in various modes for a two-component (electron and proton) cold plasma.
(a) Diagram for the case of electron plasma frequency fpe greater than the electron gyrofrequency fce, a
situation common within the plasmasphere. The band of no propagation between fZ and fce appears only
when fpe/fce exceeds

ffiffiffi
2

p
. (b) Diagram for the case of fce > fpe, a situation common poleward of the

plasmapause. Adapted from Goertz and Strangeway [1995].
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sion (now reduced to �340 m) and crossed 500-m antennas
(one �340 m) and a 20-m Z antenna for reception.

3. Observations of Whistler Mode Echoes

3.1. Problem of Whistler Mode Echo Detection

[13] The cancelled Shuttle wave injection mission noted
above included a subsatellite. Lacking such a remote
receiver, RPI has been forced to depend upon the special
conditions under which whistler mode echoes of its signals
can be received. Three such conditions are envisaged
[Sonwalkar et al., 2001]. In the magnetospheric reflection,
or MR, process, the direction of a downgoing ray is
reversed when the wave frequency becomes equal to the
local value of the lower hybrid resonance frequency flh.
At flh, which is a function of fpe, fce, and the effective
mass of the ions [e.g., Stix, 1962; Brice and Smith, 1965]
the refractive index surface undergoes a transition from
an open (with a resonance cone) to a closed topology
[e.g., Smith and Angerami, 1968]. The MR process is
limited to frequencies less than the maximum value of flh
in the ionosphere, �12 kHz.
[14] In the second case, downgoing waves undergo a

Snell’s law type of reflection from the steep vertical density
gradients near 90 km in the lower ionosphere [Helliwell,
1965]. Echoes of stepped frequencies should then in prin-
ciple exhibit lightning whistler– like forms on plots of
frequency versus time delay when RPI is operating along
certain near-Earth portions of the IMAGE orbit.
[15] The third case involves a two-stage process: down-

going RPI whistler mode signals initially encounter small-
scale field-aligned density irregularities (10 m to several
100 m in the cross-B direction, where B is the geomagnetic
field). The signals can then be strongly coupled by either
linear and nonlinear mechanisms into quasi-electrostatic
whistler mode waves (lower hybrid waves) with wave-
lengths of the same order of magnitude as the spatial
wavelength of the irregularities [Bell and Ngo, 1988; Titova
et al., 1984; Groves et al., 1988; Tanaka et al., 1987;
Ohnami et al., 1993]. This coupling generally produces
downward propagating lower hybrid waves, but these
waves can be partially reflected upward as they further
encounter the small-scale density structure in the medium.
Echoes generated by this two-stage process are expected to
contain large wave normal angles close to the whistler mode
resonance cone, and hence should exhibit substantial
spreading in group delay.
[16] In the data examined thus far we have not detected

echoes that can be attributed to the MR-type reflection
process, probably because most of the transmitted signals
were at frequencies above the maximum flh (�12 kHz) in the
magnetosphere and/or because the transmission efficiency
below 10–12 kHz was poor because of inadequate coupling
of transmitter energy to the antenna for the whistler mode, as
discussed earlier. On the other hand, we have found many
cases of echoes whose properties are consistent either with
reflections by the steep density gradient in the lower iono-
sphere or with scattering by small irregularities. Echoes
apparently resulting from ionospheric reflection regularly
exhibit a discrete trace on a record of frequency versus time
delay, analogous to that of a lightning-generated whistler,
while those apparently resulting from scattering tend to

exhibit a wide and irregular range of delays. We present
below examples of these two types of echo and also discuss a
type of Z mode echo that regularly occurs in the region
poleward of the plasmapause and is believed to be the result
of scattering from irregularities.

3.2. Examples of Discrete Echoes With Minimal
Spreading in Time Delays at Each Frequency

[17] During typical RPI operations, a sounding program
lasting from tens to hundreds of seconds is repeated at
intervals of 2 to 10 min within a schedule containing other
programs and passive recordings [Reinisch et al., 2000]. In
May 2002 a program consisting of 3.2-ms sequentially
transmitted pulses at 144 logarithmic frequency steps be-
tween 60 and 1000 kHz was in operation. Figures 2a and 2b
show plasmagrams displaying whistler mode echoes
received on 20 and 21 May 2002, respectively. An RPI
plasmagram normally plots the virtual range of echoes
in Earth radii (RE) as a function of sounding frequency
[Galkin et al., 2001], with virtual range calculated from
the measured time delay assuming that the signal has
propagated at the velocity of light in free space. However,
in this paper we will display the echo time delay in milli-
seconds instead of virtual range, since whistler mode group
velocities and most Z mode group velocities are substan-
tially lower than c, and since in the whistler mode literature
elapsed time from a specific reference point is commonly
presented, especially for transient events. In Figures 2a
and 2b, there is a minimum observable time delay of
13 ms because of the 3.2-ms minimum transmitted pulse
length and additional time needed for the receiver to recover
from the high voltage generated during the transmitter
pulses. Amplitude is color coded in units of dB nV m�1

(dB relative to a 1 nV m�1 input signal).
[18] The whistler mode (WM) echoes in Figures 2a and 2b

are the traces below �300 kHz. Echoes such as these with
narrowly defined time delay as a function of frequency are
called discrete echoes. In these cases the echoes covered one
or two 3.2-ms range bins at each frequency (temporal
resolution imposed by the pulse length is 3.2 ms). In
Figure 2c, the plasmagram of Figure 2a is shown with the
axes interchanged, a format commonly used to show natural
whistler mode activity. Figure 2d shows a plot of the low-
altitude portion of the IMAGE polar orbit for the case of
Figure 2a.
[19] In Figures 2a, 2b, and 2c the signals above�300 kHz

with time delay spread that increases with frequency are
diffuse Z mode (ZM) echoes. As discussed by Carpenter et
al. [2003], this pattern is characteristic of the low-altitude
polar region and the plasma condition fpe/fce < 1 illustrated
in Figure 1b. The abrupt high-frequency cutoff of the
Z mode echoes, and of the long-duration sounder-stimulated
plasma resonance at �787 kHz in Figures 2a and 2c,
provides a measure of the upper hybrid resonance frequency
fuh [Benson et al., 2003], while the gap or decrease in echo
spreading at �685 kHz provides a measure of the local fce
[Carpenter et al., 2003]. From these parameters the plasma
frequency fpe in this case is calculated to be �387 kHz,
since fuh

2 = fpe
2 + fce

2.
[20] The echoes below 300 kHz in Figure 2 are identified

as whistler mode because: (1) they are confined to frequen-
cies below the lower of fpe and fce (�387 kHz and 685 kHz,

A11212 SONWALKAR ET AL.: WHISTLER MODE ECHOES FROM RADIO SOUNDING

4 of 22

A11212



respectively, for 2a); (2) they show an increase in delay with
decreasing frequency (in the case of Figures 2a and 2c, from
�25 ms to �40 ms). These are well known properties of the
dispersed impulses from lightning called ‘‘whistlers’’ [e.g.,
Helliwell, 1965; Hayakawa, 1995]. In the simplified dia-
grams of Figure 1, group velocity is 2pdf/dk � dw/dk; this
quantity can be seen to decrease as frequency decreases in
the lower portion of the whistler mode region.
[21] We believe that the whistler mode echoes shown in

Figure 2 are the result of signal reflections from the bottom
side of the ionosphere. The observed echo delays of tens of
milliseconds are consistent with observations of the time
required for whistler mode waves from lightning to travel
twice through the ionosphere [Carpenter et al., 1964].
[22] In this paper we will use the f � t format (as in

Figure 2c) to show additional examples of lightning whis-

tler– like behavior, while in cases emphasizing diffuse
whistler mode or Z mode echoes, we will return to the
conventional t-versus-f plasmagram style format.

3.3. Discrete Echoes, With Medium Time Delay
Spreading, From Successive Soundings

[23] Figure 3 shows frequency-versus-time records of
whistler mode echoes received during five successive
soundings as IMAGE moved (see Figure 3f) from near
perigee in the southern polar region into the duskside
plasmasphere. A single 3.2-ms pulse was transmitted at
each of 78 frequencies spaced by 900 Hz over the range
180–245 kHz during the sounding program in use at this
time. Amplitude is shown in dB(nV/m) as received on the
long X antenna. Note the contrast between the soundings
previously illustrated in Figure 2, which provide a wide

Figure 2. Examples of whistler mode echoes received during soundings by RPI in May 2002. (a–b).
Plasmagrams displaying time delay versus frequency for whistler mode echoes received on 20 May and
21 May 2002. The whistler mode echoes are the discrete traces below �300 kHz. Echoes above
�300 kHz showing a spread in time delay at each frequency are identified as Z mode echoes. A noise
suppression algorithm [Galkin et al., 2001] was used in processing the data. (c) The whistler mode echo
of 20 May 2002 in Figure 2a is shown in a format displaying frequency versus time delay, an interchange
of the axes of the plasmagram presentation shown in Figures 2a and 2b. (d) Plot of the low-altitude
portion of the IMAGE polar orbit for the case of Figure 2a. The approximate locations of IMAGE for the
two cases are indicated by red dots. Dipole field lines at L = 4 are shown as a reference. The magnetic
local times for the cases in Figures 2a and 2b were 9.35 and 10.81, respectively.
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frequency range survey with logarithmic frequency step-
ping, and those from Figure 3, which feature linear fre-
quency stepping over a narrow range beginning at 180 kHz,
well above the low-frequency limit of Figure 2.
[24] Figure 3a shows data recorded at an altitude of

�2000 km and at L � 5.5. There was a strong band of

whistler mode echoes with total time spread of �20 ms
around a mean travel time of �40 ms. The mean echo travel
time was roughly constant from the lowest measured
frequency of 180 kHz to an upper cutoff at 232 kHz.
[25] During the next sounding 2 1/2 min later, illustrated

in Figure 3b, the IMAGE altitude was �2300 km and the L

Figure 3. (a–e). Series of f � t plasmagrams showing whistler mode echoes on five successive
soundings extending from L � 5.5 outside the plasmasphere to L � 2.2 inside the plasmasphere. The data
were acquired on 12 July 2001. These echoes, in particular, cases in Figures 3a and 3b, show a range of
time delays at each frequency; they are still noticeable, however, as discrete traces on spectrograms.
(f ) Plot of the low-altitude portion of the IMAGE polar orbit. The approximate locations of IMAGE for
cases in Figures 3a–3e are indicated by red dots. Dipole field lines at L = 4 are shown as a reference. The
magnetic local times for the cases in Figures 3a–3e varied from 18.74 to 18.00.
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value �3.7. In this case the amount of time spreading was
�15 ms total, except near the uppermost frequencies. The
apparent upper cutoff was 224 kHz, down from 232 kHz
during the previous sounding.
[26] Figure 3c shows the next sounding, at �2700 km

altitude and L � 2.8. At this point the spacecraft was in the
plasmasphere boundary layer or PBL, a region of transition
from the low plasma densities of the polar region to the high
densities of the plasmasphere [Carpenter, 2004]. Weak
whistler mode echoes, strongest near 180 kHz, appeared
with a travel time of �50 ms and with only �10 ms total
time spread at most. Above �216 kHz the whistler echoes
were not visible as they merged with much stronger Z mode
echoes of a type that appeared at similar locations in the
PBL in the June–July 2001 period. Such Z mode echoes are
discussed by Carpenter et al. [2003].
[27] The next record, Figure 3d, shows weak whistler

mode echoes received at �3100 km altitude and L � 2.4.
The echoes were defined over the full frequency range of
the record, and travel time exhibited a slight increase with
frequency, beginning at a value of �60 ms near 180 kHz.
This effect continued during the next sounding, shown in
Figure 3e for an altitude of �3500 km and L � 2.2. Here the
echoes were very weak, from 20 to 30 dB less intense than
the example of Figure 3a and limited to frequencies below
�234 kHz. The travel time increased with frequency from
�80 ms at 180 kHz to �100 ms near 230 kHz.
[28] The echoes in Figure 3 show typical aspects of the

changes in whistler mode dispersion characteristics as
IMAGE moved from a high-latitude region where fpe/fce <
1 (Figures 3a and 3b) to a plasmasphere region where fpe/fce
> 1. The abrupt upper cutoff of the whistler mode echoes in
Figures 3a and 3b is interpreted as occurring at fpe. This
cutoff and the lack of variation of group delay with
frequency within the displayed limits of the records are
consistent with the dispersion diagram of Figure 1b. In both
Figures 3a and 3b, Z mode echoes may be seen on the left
in the first time/range bin at �13 ms, extending well down
into the whistler mode region, again in accordance with
Figure 1b.
[29] Along the 12 July 2001 orbit illustrated in Figure 3f,

the transition from the southern polar region to the plasma-
sphere occurred at approximately the time of Figure 3c. The
L value then was �2.8, roughly the same as that of a sharp
initial factor of �3 density drop detected �35 minutes later
as IMAGE exited the main plasmasphere and entered a
highly structured boundary layer region. In Figure 3c, the
whistler mode echo was barely discernible above the noise,
and was not identifiable above the Z mode cutoff. In
contrast the Z mode signals were very strong, consisting
of both individual elements and a widely time-spread
background.
[30] The echoes of Figures 3d and 3e were recorded

under plasma conditions such as those illustrated in
Figure 1a, with fpe/fce > 1. The echoes were limited to
frequencies below fce, which dropped from �380 kHz at the
time of Figure 3c to 304 kHz in Figure 3e. The resonance at
fce gave rise to a ‘‘nose’’ effect, in which echo travel time
increased above a frequency of minimum delay. This effect,
familiar from lightning whistler records [e.g., Helliwell,
1965], became more pronounced in Figure 3e, due to
the drop in fce with increased spacecraft altitude. In a

homogeneous plasma, the nose occurs at fce/4 [e.g.,
Helliwell, 1965]. In the case of Figure 3e, its frequency
may be estimated as �120 kHz, based upon considerations
of the integrated effects of propagation through the
inhomogeneous ionosphere to an altitude of 3500 km.
[31] The changes in electron density along the IMAGE

orbit of Figure 3 are coarsely mirrored by the observed
whistler mode group delays, which provide an integral
measure of electron density between IMAGE and the
underlying bottom side ionosphere. Between the first and
second soundings of Figure 3, the fractional increase in
group delay was proportional to the increase in altitude, and
hence consistent with no substantial spatial change in the
electron density profile below the spacecraft. Beginning at
the next sounding (Figure 3c), however, the fractional
increase in group delay (since the time of Figure 3a) began
to exceed that of the path length, so that by the time of
Figure 3e, it had reached �1.8, implying that the integrated
density along the subsatellite path had increased by a factor
of �3 (the square of 1.8). Meanwhile, data on ne at the
satellite from soundings in various frequency ranges, in-
cluding those of Figure 3, showed an increase in electron
density at the satellite by a factor of �5 to 6. The difference
between this change and that in the path-integrated density
is attributed to latitudinal changes in the shape of the profile
of ne with distance along the field lines.

3.4. Discrete Echoes From Soundings Using Coherent
Integration

[32] In the early months of RPI operations, a sounding
program was widely used that involved 25.6-ms pulses at
40 frequencies between 10 kHz and 1800 kHz. In contrast
to the soundings of Figures 2 and 3, this program involved
coherent integration of received signals and coverage below
the 60-kHz low-frequency limit of Figure 2. The 40
frequencies were roughly logarithmically spaced at the
center frequencies of the coupling circuits designed to tune
the antennas for optimum performance (under free space
mode conditions). Each 25.6-ms pulse consisted of eight
3.2-ms ‘‘chips’’; coherent integration was achieved through
phase coding of the 8 chips and correlation of the transmit-
ted format with received echoes [Reinisch et al., 2000].
Eight of these coded pulses were transmitted at each of
the 40 frequencies, and for each frequency the signals in
each range gate were Fourier analyzed to achieve spectral
integration.
[33] During these soundings a number of whistler mode

echoes were detected at altitudes from �1200 to 7000 km
along subauroral field lines. The echoes were discrete, with
delay times in the 30–100 ms range, and occupied from one
to three 3.2-ms range bins at each frequency. Figures 4a–4c
show, in coordinates of frequency (linear scale) from 10 kHz
to 100 kHz versus echo delay, spectrograms of three
examples obtained in early May 2000. Linear amplitude
in arbitrary units is displayed. All three events were detected
poleward of the plasmapause within the L range 5.0 to 6.5.
The minimum observable echo delay was 25.6 ms, due to
the combined effects of the transmitted pulse length and the
method of signal processing.
[34] Figure 4d is a plot of low-altitude portions of the

IMAGE polar orbit for the case of 8 May 2000 (Figure 4a).
Dipole field lines at L = 4 have been added as a rough

A11212 SONWALKAR ET AL.: WHISTLER MODE ECHOES FROM RADIO SOUNDING

7 of 22

A11212



indicator of the plasmasphere boundary, not specific to any
of the cases illustrated. The values of local fce as obtained
from a geomagnetic field model (IGRF) are 730, 321, and
341 kHz for the cases a, b, and c, respectively; the values of
local fpe as estimated from the matching of observed
dispersion with that obtained from ray tracing calculations
(as discussed in section 4.1) are 359, 180, 252 kHz for the
cases a, b, and c, respectively. The occurrence of whistler
mode propagation is indicated by echo frequencies below
the local fce and fpe. As expected, the echoes formed a
continuous curve in f � t space and showed an increase in
delay with decreasing frequency.
[35] As in the cases of Figures 2 and 3, we believe that

the discrete echoes shown here are the result of signal
reflections from the bottom side of the ionosphere. The
echo frequencies are above the maximum lower hybrid
frequency in the ionosphere, �12 kHz; the average group
velocity for propagation from IMAGE to the bottomside
ionosphere and back is about c/3 or lower, consistent with

slow whistler mode propagation. The altitudes of observa-
tions were �1500 km for Figure 4a and �4000 km for
Figures 4b and 4c, this difference being coarsely reflected in
the differences in whistler mode round-trip travel time
illustrated.

3.5. Diffuse Echoes in the Polar Region

[36] When sounding over the southern polar region, RPI
has observed strong echoes with delays spread well beyond
those observed in ‘‘discrete’’ whistler mode events such as
those of Figures 2, 3, and 4. To illustrate this effect, we
return to the time-delay-versus-frequency plasmagram
display format, as in Figures 2a and 2b. Figures 5a–5c
show examples of wide spreading in time delay of whistler
mode echoes, called diffuse echoes, typically received
outside the plasmapause at low altitudes over the polar
region. Whistler mode echoes were accompanied by Z
mode echoes in all three cases and by a free space R-X
mode echo in Figure 5c. Figure 5d shows the approximate

Figure 4. (a–c). Plasmagrams containing examples of whistler mode echoes received during soundings
by RPI in May 2000. Frequency from 10 to 100 kHz is displayed versus echo travel time in ms. (d) Plot
of the low-altitude portion of the IMAGE polar orbit for the case of Figure 4a. The approximate location
of IMAGE is indicated by a red dot, as are the locations for cases in Figures 4b and 4c. Dipole field lines
at L = 4 are shown as a reference. The magnetic local times for the cases in Figures 4a, 4b, and 4c were
22.61, 10.49, and 11.31, respectively.
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locations of IMAGE for these cases with respect to the low-
altitude portion of the IMAGE polar orbit for the case of
Figure 5a. In Figures 5a and 5b, two 3.2-ms pulses were
transmitted at each of 178 frequencies logarithmically
spaced over the frequency range 5–1000 kHz. For the case
of Figure 5c, a single 3.2 ms pulse was transmitted at each
of 78 frequencies logarithmically spaced over the range
40–800 kHz. In all cases, the amplitude is shown in
dB(nV/m) as received on the long X antenna.
[37] In contrast to the discrete echo events of Figures 2, 3,

and 4, in which time delay spreading at each frequency
varied from �3 to �20 ms, in Figure 5a the echoes were
spread over as much as 100 ms at frequencies between
�50 kHz and �160 kHz, with the most pronounced
spreading at the lower frequencies. In Figure 5a the mini-
mum detectable time delay was �25 ms, and it is clear from
Figure 5a that the minimum delay for the diffuse echo was
shorter than this. Z mode echoes are visible between

�420 kHz and 727 kHz. Following the discussion earlier,
we find from the Z mode echo characteristics fce � 620 kHz
and fpe � 380 kHz. Clearly, the whistler mode echo
frequencies were below both fce and fpe, as expected.
[38] The characteristics of diffuse echoes as well as Z

mode echoes in Figures 5b and 5c are similar to those seen
in Figure 5a. In Figure 5b, the echoes are spread over 85 ms
at frequencies between 15 and 55 kHz, and in Figure 5c
over 125 ms between 40 and 95 kHz. As in the case of
Figure 5a, there was a trend toward wider time spread at the
lower frequencies. In both of these cases, however, mini-
mum time delays are resolved, thanks to a lower time delay
limit of �13 ms on the record. From the measured Z mode
characteristics, we found the values of local fce to be �575
and �565 kHz and the local fpe to be �237 and �199 kHz
for the cases b and c, respectively. It is clear that the whistler
mode frequencies in both these cases were less than the
local fce and fpe.

Figure 5. (a–c). Plasmagrams showing examples of wide spreading in time delay leading to diffuse
whistler mode echoes received outside the plasmapause at low altitudes over the southern polar region.
Whistler mode echoes were accompanied by Z mode echoes in all three cases and by a free space R-X
mode echo in Figure 5c. (d) Plot of the low-altitude portion of the IMAGE polar orbit for the case of
Figure 5a. The approximate location of IMAGE is indicated by a red dot, as are the locations for cases in
Figures 5b and 5c. Dipole field lines at L = 4 are shown as a reference. The magnetic local times for the
cases in Figures 5a, 5b, and 5c were 9.11, 3.37, and 9.22, respectively.
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[39] We suggest that the diffuse echoes (spreading effect)
result from a process noted above, namely, scattering of
transmitted electromagnetic whistler mode signals by small-
scale (tens to hundreds of meters) field-aligned electron
density irregularities. In a later section, we provide ray-
tracing simulations in support of this interpretation.

3.6. Occurrence Patterns of Whistler Mode and
Accompanying Z Mode Echoes

[40] We conducted surveys of RPI plasmagrams for
periods ranging from 10 days to several months in the years
2000, 2001, and 2002. The survey times in 2000 and 2002
corresponded mostly to winter conditions over the southern
polar region; in 2001 they corresponded to summer and fall.
Each survey period involved several hundred intervals of
RPI sounding in the low-altitude region of the orbit where
whistler mode echoes might be expected to occur. The
results on occurrence varied depending upon the type of
sounding program in use, subjective criteria involved in
pattern recognition, and factors such as the degree of
interference from natural whistler mode auroral noise.
[41] In general, discrete and diffuse echoes were observed

at altitudes lower than �5000 km and at magnetic latitudes
above 30�–40�. Most diffuse echoes were found in the
region poleward of the plasmapause, while discrete echoes
were detected over a wide range of latitudes but were most
common within the plasmasphere. Discrete and diffuse
echoes were usually not seen on the same plasmagram.
As discussed in the next section, this difference may be
related to their different reflection mechanisms.
[42] As a fraction of all soundings below �5000 km, and

hence at altitudes where whistler mode echoes might be
expected, we found that either discrete or diffuse whistler
mode echoes were clearly identifiable on �20%. When
observed, such echoes tended to appear on more than one
sounding, which were typically spaced by �1000 km along
the same orbit. Overall, we conclude that one or more
discrete or diffuse whistler mode echoes were detectable
on at least half of all IMAGE orbits on which single 3.2-ms
pulses were transmitted at the lower altitudes.
[43] Diffuse Z mode echoes were essentially omnipresent

during soundings with 3.2-ms pulses in polar regions where
fpe/fce < 1, appearing on 90% of the plasmagrams containing
whistler mode echoes and also on 90% of those on which
such echoes were not evident.
[44] The observations of echoes also depended on the

kind of processing used to detect them. Most of the
statistics provided above relate to whistler and Z mode
echoes observed when a single 3.2-ms pulse was trans-
mitted at each frequency. The statistics for echoes resulting
from a transmission program that involved coherent inte-
gration (see section 3.4) were different. For this program,
out of 292 transmissions over the region where we expect
to see whistler mode echoes, discrete echoes were detected
24 times, that is, during about 8% of the transmissions.
Only one case of a diffuse whistler mode echo—a weak
echo—was detected (along with a simultaneous discrete
echo). In only 4 to 8 of the cases were these discrete
whistler mode echoes accompanied by Z mode echoes,
giving a �15–30% occurrence rate for this association
compared to 90% for discrete cases obtained from
the transmission of single 3.2 ms pulses. On those orbits

on which no whistler mode echoes were detected, diffuse
Z mode echoes were found during only �25% of the
transmissions. This dependence of occurrence rates for
whistler and Z mode echoes on the type of transmission
format and processing is discussed in the next section.
[45] Discrete echoes appeared under a wide range of

geomagnetic conditions. For example, on 31 March 2001,
following a Kp of 9, whistler-like forms were found on five
of six successive 180–245 kHz plasmagrams. During the
relatively calm day of 3 July 2001, with Kp in the 1–2
range, whistler-like forms appeared on five soundings
distributed from the central polar cap to the outer low-
altitude plasmasphere, as in the case of Figure 3 for 12 July
2001. On average, during a multiweek period, the character
of the whistler mode echoes in the polar regions changed
from being more discrete to more diffuse as the level of
magnetic disturbance increased.

4. Ray-Tracing Interpretation of Observed
Whistler and Accompanying Z Mode Echoes

[46] In this section, we show, by ray-tracing analysis, that
the observed features of a discrete echo are consistent with
the reflection of RPI signals from a sharp Earth-ionosphere
boundary at �100 km altitude. We also show that the
properties of diffuse echoes are consistent with the scatter-
ing of RPI signals from small-scale field-aligned irregular-
ities located at a distance intermediate between IMAGE and
the bottom side of the ionosphere. Ray tracing also indicates
that diffuse Z mode echoes are the result of scattering from
field-aligned irregularities.
[47] The Stanford 2-D ray tracing employs a dipole field

model, a diffusive equilibrium model for density along field
lines within the plasmasphere, and an (R�n) density falloff
outside the plasmasphere [Inan and Bell, 1977]. We assume
an R�4.5 density variation outside the plasmasphere so as to
closely match a ‘‘collisionless’’ model (R�4) at middle
invariant latitudes [e.g., Eviatar et al., 1964; Angerami
and Thomas, 1964; Angerami, 1966] as well as an R�5

empirical model at high latitudes [e.g., Persoon, 1988].
Since our ray-tracing simulations are at relatively low
altitude, our results are not sensitive to the value of the
exponent in the R�n model.
[48] In the ray tracing, a reference electron density ne,ref is

assigned at a given altitude and latitude; the magnetospheric
density model is then scaled accordingly. The reference
density is initially selected on the basis of available
measurements or models and is then adjusted to obtain
consistency between the ray tracing and observed wave
properties such as dispersion. Overall, our density model
and the reference densities considered are consistent
with previous measurements [Persoon et al., 1983, 1988;
Persoon, 1988; Kletzing et al., 1998; Nsumei et al., 2003] in
the region near IMAGE locations on the days considered.
[49] In the ray-tracing program, reflections at the Earth-

ionosphere boundary are modeled as specular reflections at
a specified altitude, typically 100 km. This assumed reflec-
tion is an approximation to the more complicated case of a
full-wave treatment, which is essential for a complete
analysis. The ray-tracing program also neglects D region
absorption, which is important in daytime and increases
with frequency [Helliwell, 1965].
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[50] In general, waves injected from IMAGE may prop-
agate in either a nonducted or ducted mode to the reflecting
altitude and then back to the satellite. The ray-tracing
program permits simulation of both types of propagation.
In the nonducted case, a plane wave tends to propagate with
its wave normal within the whistler mode resonance cone qr
� cos�1(f/fce) but at some (usually large) angle with respect
to B. The ray tends to be directed within a cone of angles
around B, but the ray path is not constrained to follow a
particular field line. In the ducted case, assumed to be
associated with field-aligned columns of enhanced ioniza-
tion, the ray paths remain closely aligned with the geomag-
netic field [e.g., Helliwell, 1965; Sonwalkar, 1999], but the
wave normal angles are not as tightly constrained as in the
case of hemisphere-to-hemisphere propagation.

4.1. Discrete Whistler Mode Echo Interpretation

[51] Figure 6 shows how discrete echoes observed on
5 May 2000 (case shown in f � t coordinates in Figure 4c)

may be explained as the result of reflections from the Earth-
ionosphere boundary. Figure 6a is a t � f representation of a
portion of the f � t representation used in Figure 4c to
illustrate a discrete echo. The density model used for ray-
tracing calculations assumed the plasmapause to be at L = 4
(invariant latitude L = 60�). Figure 6b displays electron
density (ne � R�4.5) along the dipole magnetic field (L =
66.2�) passing through the satellite for the various density
profiles used in the ray-tracing calculations, referenced to
the density at the satellite altitude. Rays are launched at
various initial wave normal angles and allowed to reflect at
the Earth-ionosphere boundary before returning to the
satellite altitude of �4000 km. The returning ray closest
to the satellite location is assumed to simulate the propaga-
tion of the observed echo (two closely spaced rays arriving
on two sides of the satellite are used to estimate this ray).
Figure 6c shows an example of nonducted ray propagation
from the satellite to the Earth-ionosphere boundary and
back to the satellite, while Figure 6d shows time delay as a

Figure 6. Example of a ray-tracing analysis performed to explain the propagation of an RPI signal that
led to a discrete whistler mode echo. (a) Portion of the plasmagram of Figure 4c in t � f representation
showing the dispersion of the discrete echo detected on 5 May 2000. (b) Ray-tracing density model used.
A diffusive equilibrium model is used for the plasmasphere (L < 4) and an R�4.5 dependence outside the
plasmapause for various ne,ref values near the satellite location. (c) Ray-tracing example showing
propagation of a nonducted ray to the bottom of the ionosphere and back to the IMAGE satellite.
(d) Results of ray-tracing analysis showing calculated and measured time delays for various local densities.
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function of frequency predicted for the various density
models. Time delays for the downward and upward prop-
agation segments were found to be roughly the same. The
field-line electron density model with 786 el cm�3 at the
satellite location provided a close fit to the measured delays.
Unfortunately for this case—unlike the one discussed in
section 4.2.2—it was not possible to estimate the local
electron density from resonances or cutoffs on nearby
plasmagrams, or from features on the dynamic spectrum,
to compare with the ne = 786 el cm�3 that gave the best ray-
tracing results.
[52] In addition to time delays, the ray-tracing program

calculates propagation parameters such as wave normal
angle and refractive index as well as various medium
parameters along the ray path. We found that the ray
propagation paths at the observed whistler frequencies
(from 13.5 kHz to 42.5 kHz) were all very close to the
field line through the satellite, and that they shared a
number of features. At all frequencies, the initial wave
normals for downgoing rays were within 1� of 175� (the
magnetic field is assumed to be directed upward) and the
wave normal angles of the returning rays were within 0.1�
of 1.77�. The principal variation with frequency was in the
value of the refractive index and the time delay. The
refractive index, on the average, was �3.8 for 13.5 kHz
and �2.4 for 42.5 kHz. The maximum flh along the path
was �9.5 kHz, implying that MR reflection was not
possible for these rays. We conclude that reflection from
the Earth-ionosphere boundary is a plausible mechanism for
echo generation in this case.
[53] A similar analysis was carried out for 9 cases of

discrete echoes from an April–August 2000 period. In
seven of the cases we could match the observed dispersion
(time delay as a function of frequency) with that calculated
from ray tracing assuming nonducted propagation. In two
cases it was necessary to include ducts in the magneto-
spheric density model in order to match the observed and
calculated dispersions. In one case with a duct at L = 3.1 the
duct half width and density enhancement required were
0.1L and 70%, respectively, and in the other case with a
duct at L = 4.9 they were 0.1L and 60%, respectively.
[54] Previous studies of the propagation of whistler mode

waves from ground sources to satellites suggest that such
waves commonly propagate on multiple closely spaced
paths as they penetrate the ionosphere, due to the presence
of field-aligned density irregularities of 1–10 km spatial
scale length [Sonwalkar et al., 1984]. Such structure should
also affect whistler mode echoes from RPI and may help to
explain the amount of time spreading (�20 ms) seen in
cases such as those of Figures 3 and 4.

4.2. Diffuse Whistler Mode Echo Interpretation

4.2.1. Conceptual Approach
[55] Diffuse whistler mode echoes exhibit substantial

spreading in time delay and in many cases a relatively short
minimum time delay at each frequency. To explain the time
delay spreading, we consider the subset of injected waves
with wave normals from 0� to within �2� of the resonance
cone. These waves propagate downward with group veloc-
ities not far below a maximum value associated with
propagation exactly along B (this is a reasonable assump-
tion because for f � fce, most of the radiation is expected

to be confined to a lobe in the direction of the magnetic field
[Sonwalkar et al., 2001]). At some altitude, or range of
altitudes, the waves encounter field-aligned irregularities
that are spread in latitude (and longitude). The nature of the
irregularities is such that when incident upon them, whistler
mode waves are scattered back (through a two-stage process
mentioned in section 3.1) with wave normals spread over a
large range of angles, including those within �2� of qres. For
these latter waves the refractive index increases rapidly as q
approaches qres, so that they reach the satellite with widely
spread time delays.
[56] As a consequence of this situation, waves that

undergo scattering into angles that are not within �2� of
qres propagate comparatively rapidly in both directions and
thus can have reflection points relatively far from the
satellite. Meanwhile, the waves most strongly scattered,
with wave normals closely approaching qres and hence
propagating very slowly, must have reflection points rela-
tively near the satellite. The locations of the most distant
possible and closest possible reflection points in a given
case may be estimated by attributing the shortest observed
echo delays to injected waves propagating in both directions
along B and the longest observed delays to returning echoes
with wave normal angles as close to qres as is possible
without encountering limitations imposed by finite plasma
temperature.
[57] Cold plasma theory predicts an open refractive index

surface for f > flh, and in principle m ! 1 as q ! qres
and vgr ! 0 as q ! qres. An estimate of minimum scatterer
distance can thus be made based upon considerations of
how large the refractive index can reasonably be.
[58] Landau damping of the scattered waves can occur

when the parallel phase velocity w/kk � Ve
k, where kk and

Ve
k are the wave normal vector and thermal electron

velocity components along B, respectively. This places an
upper limit on possible values of m in terms of electron
temperature: m(q � qres) �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mec2sec2qres=kBTe

p
, where me

and Te are the electron mass and temperature and kB and c
are the Boltzman constant and velocity of light in vacuum
[Sonwalkar et al., 1995].
4.2.2. Application to the Case of 6 August 2000
[59] Ray tracing analysis along the lines just described

has been applied to the case of 6 August 2000 in Figure 5b
(plasmagram repeated in Figure 7a) and is summarized in
Figure 7. In the ray tracing example of Figure 7b, ray paths
from a single IMAGE location are for simplicity used to
illustrate both whistler and Z mode echo activity; between
the time of the first whistler mode echo at 15.6 kHz and the
last Z mode echo at 622 kHz, the satellite moved from R =
1.39 RE to R = 1.34 RE.
[60] The ray-tracing density model used is essentially

the same as the one discussed earlier, but in this case it
was possible to estimate the local electron density and its
variations along the orbit of IMAGE as the echoes were
received. These estimates were based upon the measured
upper hybrid fuh � 622 kHz and the estimated fce �
599 kHz at the location where the 622 kHz signal was
transmitted (1.34 RE and lm = �72.66�), which imply
that the local fpe was �168 kHz and ne � 350 el cm�3.
These became the reference values for the purpose of
extrapolation to other locations. (In general, information
on the local fce was obtained either from the T96
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magnetic field model [Tsyganenko and Stern, 1996] or
directly from sounder-stimulated harmonics of the elec-
tron gyrofrequency).
[61] Could the echoes in Figure 7a be explained in terms

of reflections at the Earth-ionosphere boundary (similar to
those shown in Figure 6c)? Red diamonds in Figure 7c
show for a few selected frequencies (15.6, 18.2, 28.1, 34.1,
41.5, 54.6 kHz) the delays that would be expected, based
upon a satellite location at 1.38 RE, midway through the
diffuse whistler mode echo activity. The black vertical bars

show the entire range of measured time delays obtained at
the same frequencies (see Figure 7a). It is clear that even
with allowances for spreading of up to 20 ms, as in
Figure 3a, reflections from the Earth-ionosphere boundary
cannot explain the longer time delays or the overall spread
in delays. Such echoes may well have been present, but
were masked on the record by the earliest-arriving diffuse
echoes. Furthermore, the maximum flh over the ray path was
less than 6.3 kHz, indicating that the diffuse echoes could
not have been produced by magnetospheric reflections at flh.

Figure 7. Example of ray-tracing analysis performed to explain propagation on 6 August 2000 of RPI
signals that led to diffuse whistler mode (WM) and Z mode (ZM) echoes. (a) Plasmagram from Figure 5b
showing diffuse whistler and Z mode echoes on this day. (b) Ray-tracing example showing propagation
of nonducted whistler mode (red) and Z mode (green) rays to field-aligned irregularities and back to the
IMAGE satellite. (c) Results of ray-tracing analysis showing calculated time delays for RPI signals
scattered back from field-aligned irregularities at various wave normal angles (blue triangles) and those
reflected from the bottom of the ionosphere (red diamonds). Measured time delays, which are spread over
a range for each frequency, are shown by black vertical bars. (d) Results of ray tracing for Z mode wave
propagation showing time delays (red diamonds) assuming that Z mode waves propagated along the
geomagnetic field line and reflected at f = fZ at a certain distance (numbers in red below the diamonds)
from the satellite. Black bars show the measured time delays, and the numbers above them represent
distances that Z mode waves should travel in various directions in order to produce time delays equal to
the measured ones.
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We thus conclude that the observed echoes are attributable
to scattering from irregularities.
[62] The most distant possible location of irregularities,

needed to explain the shortest time delays of �20–24 ms
due to the most rapidly propagating waves (i.e., those not
propagating near the qres direction), was found to be �1.08
RE or �500 km altitude. Ray tracings performed at all wave
normal angles indicated that down going rays could reach
that approximate altitude over a range of latitudes from
��68� to �74�.
[63] The closest possible location of irregularities was

found to be �35 km from IMAGE, based upon the
measured maximum time delay of 113 ms at 18.2 kHz
and the slowly propagating waves at wave normal angles
near qres. Assuming an electron temperature of roughly 1 eV
[Kletzing et al., 1998], we find that m � 3000–10000 for f �
15–40 kHz, with lower values for the higher frequencies.
These limiting values for m impose corresponding limits on
the lowest possible group velocities, from 300–340 km/s
for f � 15–40 kHz.
[64] The nearest and most distant possible inferred loca-

tions of scatterers are not the most probable, involving as
both do very restricted conditions on scattering (return
propagation along B for the most distant, maximum scat-
tering for the nearest). Thus as one scattering scenario
among the many that could explain the observed delays
we assumed the irregularity location to be at �1.2 RE

(�1270 km altitude), intermediate with respect to the two
extreme locations possible. At this location fpe � 246 kHz
(ne was �750 el cm�3), fce � 820 kHz, and flh � 3.7 kHz.
Ray tracings from the satellite, performed at all wave
normal angles, then indicated that downgoing rays could
reach altitudes slightly above 1270 km over a range of
latitudes from �67.7� to �71.8�. Short black lines shown in
Figure 7b represent irregularities at such locations.
[65] At each of the six selected frequencies we carried out

upward ray tracings from points throughout the �67.7� to
�71.8� latitude range, seeking wave normal angles up to
the resonance cone angle such that the rays would reach
the satellite and the total round-trip time would agree
with the measured minimum, intermediate and maximum
delays (the resonance cone angle varied between �86.3� at
15.6 kHz and �76.6 at 54.6 kHz). Rays from only that
portion of the �67.7� to �71.8� range within �±0.8� in
latitude around lm � �68.5� were able to reach the satellite.
At 1.2 RE, the latitude of the geomagnetic field line passing
through IMAGE is �69.9�, implying that the scatterers
were located close to the IMAGE field line with a spread
of �500 km or more in the cross-B direction. In this
calculation we have taken into account the satellite motion
as the sounder frequency was stepped through the range of
whistler mode echo frequencies.
[66] Figure 7b shows two examples of rays (in red) at

15.6 and 34.1 kHz that returned to the satellite after
scattering. In Figure 7c the round-trip delays, calculated
for signal paths corresponding to the shortest, longest, and
an intermediate-value delay at each frequency, are shown as
blue triangles. In each case we assumed that the downgoing
waves had wave normal angles which were anywhere from
parallel to B to within �2� of the resonance cone. These
downgoing waves contributed about 5–8 ms of time delay.
Most of the total time delay of an echo was contributed by

upgoing scattered signals at wave normals close to the
resonance cone angle. To explain the minimum round-trip
delay of �20–24 ms, the initial wave normal angles
required of the scattered upgoing waves were within a
degree of the resonance cone angle, and the refractive
indices ranged from 15 to 60, with the larger values for
the lower frequencies. Corresponding numbers for the
intermediate time delays (30–70 ms) were wave normal
angles within �0.1� of the resonance cone angle and
refractive indices between 40 to 200. For the longest time
delays (60–110 ms) and the 15.6–41.5 kHz echoes, the
wave normals were within �0.005–0.05� of the resonance
cone angle, and the refractive indices were between 60 to
300. To explain the �30 ms delay of 54.6 kHz echoes, the
initial wave normal angle was within 0.5� of the resonance
cone and the refractive index was �20. The general
tendency of the echoes to have a larger time delay spread
at the lower frequencies is probably related to the group
velocity being lower at the lower frequencies.
[67] The refractive indices and wave normal angles

obtained from the above calculations imply that the irreg-
ularities needed to scatter the incident whistler mode waves
had spatial scale lengths distributed over 50 m to 500 m.
Field-aligned irregularities with scale sizes ranging from a
few meters to kilometers and with density fluctuations
varying from a few percent at smaller scale sizes (�10 m)
to as much as 100% or more at larger ones (1–10 km) are
commonly present in the midlatitude and high-latitude
magnetosphere up to altitudes of several thousand kilo-
meters [e.g., Fejer and Kelley, 1980; Bell and Ngo, 1988, and
references therein; Persoon et al., 1983, 1988; Sonwalkar,
1995]. In the past, scattering from such irregularities has
been proposed to explain the spectral broadening of ground
transmitter signals observed on the ISEE 1, DE 1, Aureol-3,
and ISIS-2 satellites [Bell and Ngo, 1988; Tanaka et al.,
1987; Ohnami et al., 1993]. We believe that diffuse echoes
and spectral broadening are both manifestations of the
scattering of whistler mode waves into quasi-electrostatic
LH waves by field-aligned irregularities. We further note
that the region where spectral broadening phenomena were
detected [Bell and Ngo, 1988; Sonwalkar, 1995] includes
the regions where diffuse echoes are detected.
[68] On the basis of our inspection of other cases, we

believe that the scenario proposed here for the data of
6 August 2000 case can also explain other cases of diffuse
echoes.

4.3. Diffuse Z Mode Echo Interpretation

[69] As mentioned earlier, whistler mode echoes, both the
discrete and diffuse type, are almost always accompanied by
Z mode echoes. In high-latitude regions where fpe/fce < 1,
the Z mode echoes are usually diffuse in character and span
a wide band of frequencies, consistent with Z mode prop-
agation. The time delay for these echoes increases with
frequency, as seen in Figures 2 and 5. A general description
of these diffuse Z mode echoes and some comments on their
interpretation have been presented by Carpenter et al.
[2003]. Here we provide a ray-tracing interpretation of their
generation mechanism. In agreement with Carpenter et al.
[2003], we believe that these diffuse Z mode echoes are in
part the result of scattering by field-aligned irregularities
in the vicinity of the satellite. We use ray-tracing for the
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Figure 5b case of 6 August 2000, repeated in Figure 7a, to
test this hypothesis.
[70] We envision that Z mode echoes can occur in two

different ways: (1) At any given frequency f below local fce
the Z mode waves may propagate Earthward in the approx-
imate direction of the geomagnetic field and reflect at
altitudes where f = fZ, the low-frequency cutoff of Z mode
propagation, and then return to the satellite, again in the
field-line direction. This kind of propagation scenario can
be operative for echoes below fce only, since above fce and
below fuh propagation parallel to the geomagnetic field is
not allowed (see Figure 1b). The scenario is believed to
explain discrete Z mode echoes trapped in Z mode ‘‘cavi-
ties’’ in the plasmasphere and plasmasphere boundary layer
[Carpenter et al., 2003]. (2) At any given frequency f below
the local fce, waves spread out in all directions, as allowed
by the closed refractive index surface at these frequencies.
They encounter density irregularities that scatter the inci-
dent waves, some of which make it back to the satellite. For
frequencies between fce and fuh, Z mode propagation is
allowed within a resonance cone that permits propagation in
the direction roughly perpendicular to the geomagnetic
field. These waves can also lead to echoes after scattering
from density irregularities aligned with the field as has been
well documented by ionospheric topside sounders [e.g.,
Muldrew, 1969; James, 1979]. Ray-tracing results discussed
below suggest that the second mechanism is regularly
operative during sounding at low and medium altitudes.
[71] Figure 7b shows examples of Z mode ray tracing

at f = 373.4 kHz, above fpe = 168 kHz, but below fce =
599 kHz. Rays injected at various wave normal angles
covering the range 0�–180� are shown in green. In contrast
to the whistler mode rays (red), the Z mode rays spread out
in all directions, encountering electron density irregularities
in the neighborhood of the satellite in directions not
necessarily along the geomagnetic field. Ray tracings
were carried out at seven frequencies: 184.3, 295.1, 373.4,
455.3, 511.1, 552.8, 620.0 kHz. The first six frequencies
are above fpe but below fce and the last one between fce and
fuh; they all propagated in the slow Z mode, that is, in
the large-k region of Figure 1b where the refractive index
of Z mode wave is larger than unity.
[72] The results of the ray-tracing simulations are shown

in Figure 7d. Red diamonds show the calculated time delays
at the lower six frequencies (f < fce), assuming that the rays
propagated along the geomagnetic field line and reflected
back at f = fZ. The numbers in red show the distance of
the reflection point from the satellite location for each
frequency. For the highest frequency, parallel propagation
is not allowed by the nature of the refractive index surface.
The black bars show the entire range of measured time
delays at each frequency, while the dashed horizontal line
shows the minimum detectable delay time of 13 ms. It is
clear that field-aligned propagation and reflections at f = fZ,
while not inconsistent with the data, and possibly masked
by intense scattered signals, cannot explain the spread in
observed delays.
[73] We next carried out ray-tracing simulations at each of

the seven frequencies within a range of permissible wave
normal angles that included 0�–90� for f < fce and angles
inside a resonance cone with axis perpendicular to the
geomagnetic field for f > fce (the resonance cone angle

with respect to the geomagnetic field is �75� at 620.0 kHz,
implying that the permissible wave normals lie in a narrow
cone of �15� with axis perpendicular to B). We allowed
each ray to propagate until the group delay time reached
half of the maximum total delay time observed for echoes at
the ray frequency. If we assumed that electron density
irregularities at this location were capable of scattering Z
mode waves back to IMAGE, we would obtain an echo with
time delay equal to the observed maximum delay at that
frequency. The pair of numbers listed above each of the
black bars gives the range of distance in kilometers that Z
mode waves at a given frequency must propagate in various
directions before encountering plasma irregularities such
that the observed maximum delay could be obtained. If a
ray injected in a certain direction were to encounter irreg-
ularities before reaching this maximum distance, the
corresponding echo delay would be less than the maximum
observed at the ray frequency.
[74] Figure 7d shows that density irregularities located

within �20–3000 km can lead to multiple echoes at each
frequency with time delays that can match the observed
ones. In terms of the efficiency of backscattering, we expect
that the strongest echoes occur when the incident wave
normal is perpendicular to B. Thus those waves propagating
in directions generally transverse to B probably make the
largest contribution to the observed echoes. The calculated
refractive indices for Z mode waves at the point of scatter-
ing suggest that the irregularities involved had scale sizes
�70 m to 2 km.
[75] The overall nature of the observed time delays as a

function of frequency is consistent with the theoretical
properties of Z mode waves. For frequencies above fpe,
we have the slow Z mode with group velocity decreasing
and time delay increasing with frequency for any given
wave normal direction. Above fce and close to fuh the Z
mode becomes quasi-electrostatic and we expect much
longer time delays. The frequently observed weakening
of Z mode echoes at frequencies immediately above fce
[Carpenter et al., 2003] could be related to the change in
the refractive index surface from a closed to an open
topology as discussed by Gurnett et al. [1983], LaBelle
and Treumann [2002] and Carpenter et al. [2003].

4.4. General Picture of Whistler and Z Mode Echoing
Processes Indicated by the RPI Observations on IMAGE
and Ray-Tracing Simulations

[76] Figure 8 schematically describes our overall views
of whistler mode echoing processes and of Z mode
echoing effects that occur in higher latitude regions where
fpe/fce < 1. A key feature of this picture follows from
the nature of the refractive index surfaces for whistler and
Z mode propagation. For f > flh, the whistler mode
refractive index surface is open and, given that relatively
short distances (<5000 km) are involved, the waves
propagate with ray directions close to the geomagnetic
field. Thus the echo generation process, both for discrete
and diffuse echoes, is mostly determined by the plasma
conditions along the field line passing through the satellite.
On the other hand, the Z mode refractive index is closed up
to fce, allowing propagation in all directions, and is then
open with a resonance cone for fce < f < fuh, allowing prop-
agation mostly in the direction perpendicular to the geomag-

A11212 SONWALKAR ET AL.: WHISTLER MODE ECHOES FROM RADIO SOUNDING

15 of 22

A11212



netic field. Thus for f < fce, Z mode echoes are indicative
of plasma conditions near the satellite in all directions,
and for f > fce, reflect conditions in the direction roughly
perpendicular to the geomagnetic field. Another striking
feature of this picture is the important role played in the
echoing process by electron density irregularities with a wide
range of scale sizes: tens of meters to hundreds of meters.
[77] Figure 8a depicts the situation for a discrete whistler

mode echo with very little spreading in time delays at each
frequency (e.g., Figure 2). These echoes probably result

when the magnetosphere is fairly smoothly varying, at
least close to the geomagnetic field lines passing through
IMAGE. Thus the RPI signal can propagate down to the
Earth-ionosphere boundary without major hindrance and
return to the satellite. We expect a single echo at each
frequency, leading to a discrete echo trace.
[78] Figure 8b depicts the situation for a discrete whistler

mode echo with 20–30 ms spreading in time delays at each
frequency (e.g., Figures 3 and 4). In these discrete echoes
the spreading in time delays is attributed to multipath

Figure 8. Schematic showing various propagation scenarios that may lead to whistler mode (WM) and
Z mode (ZM) echoes observed on the IMAGE satellite. (a) Discrete whistler mode echoes with very little
or no spreading (�5 ms) in time delays at each frequency, due to propagation of whistler mode signals in
a magnetosphere that is relatively smooth in the neighborhood of the geomagnetic field line passing
through the IMAGE location. (b) Discrete whistler mode echoes with medium time delay spreading
(�10–20 ms) at each frequency, due to propagation along multiple paths to IMAGE in the presence of
large-scale (�10 km) irregularities in the lower ionosphere. (c) Discrete whistler mode echoes, due to
propagation of whistler mode signals inside field-aligned ducts. (d) Diffuse whistler mode echoes, due to
scattering of whistler mode signals by small-scale (10 m to 1 km) irregularities located close to the
geomagnetic field line passing through the IMAGE location. Z mode echoes are observed �90% of the
time in high-latitude regions where fpe/fce < 1, due to scattering from small-scale irregularities located
close to the satellite but in any direction relative to that of the local geomagnetic field.
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propagation, involving refraction of RPI signals by large-
scale (�10 km) density irregularities following reflection
from the Earth-ionosphere boundary. Field-aligned irregu-
larities of �1–10 km or larger scale sizes located up to
�500–1000 km altitude can lead to the observed multiple
delays at each frequency in a way similar to that described
for direct multipath propagation of ground transmitter
signals observed on the ISEE-1 satellite [Sonwalkar et al.,
1984]. Because these ionospheric irregularities are present
almost all the time [Fejer and Kelley, 1980], the discrete
echoes almost always show some amount of spreading in
time delay at each frequency.
[79] Figure 8c outlines the situation for ducted propa-

gation of whistler mode echoes. One or more ducts, or
field-aligned columns of enhanced or depressed ioniza-
tion, should be present along or near the field lines
passing through the satellite. Unlike ducts required for
propagation of lightning whistlers, these ducts need not
extend from hemisphere to hemisphere, and may have
density enhancements of �50% or more. Such ducts are
frequently present in the highly structured plasma at high
latitude [Persoon et al., 1983, 1988] and have been
proposed to explain the propagation of impulsive auroral
hiss to the ground [Siren, 1975; Sonwalkar and Harikumar,
2000]. Because of the relatively short propagation dis-
tances involved, waves with wave normal angles other
than those very close to B may remain within the duct
both before and after reflection. For ducted echoes to be
seen on IMAGE, it is necessary that the duct extends to
low enough altitudes such that whistler mode energy
reflected at the Earth-ionosphere boundary is coupled
back into the duct. It is conceivable that some of the
reflected energy returns to the satellite along nonducted
paths, as in sequences of ducted/nonducted signals
reported in data from the DE-1 satellite [Rastani et al.,
1985].
[80] Figure 8d shows that for diffuse whistler mode

echoes to be observed on IMAGE, it is necessary that there
be field-aligned electron density irregularities on field lines
close to the satellite.
[81] The Z mode echoes shown in Figure 8d occur where

fpe/fce < 1. They may accompany any one of the whistler
echo forms of Figure 8, but most frequently appear with that
of Figure 8d, which is regularly present in polar regions. We
note that at high latitudes, the propagation of Z mode waves
over long distances in all directions, including those per-
pendicular to the magnetic field, was indicated by observa-
tions of naturally occurring Z mode waves from the DE-1
satellite [Gurnett et al., 1983].
[82] The general picture of whistler and Z mode echoes

presented here provides a qualitative explanation of certain
features of the occurrence patterns of these echoes discussed
in the previous section.
[83] We do not see discrete and diffuse whistler mode

echoes occurring together, because the former requires a
smooth magnetospheric plasma near the geomagnetic field
lines passing through the satellite, whereas the latter
requires field-aligned irregularities present on the same field
lines. Z mode echoes occur most frequently (�90%), both
in the presence and absence of whistler mode echoes,
because the Z mode can propagate long distances in all
directions, not only close to the field lines as in the case of

the whistler mode. Thus there is a much larger probability of
encountering plasma irregularities which may lead to Z
mode echoes.
[84] The low occurrence rates of diffuse whistler mode

and Z mode echoes during transmission programs involving
coherent integration of 8 phase-coded 3.2-ms pulses may be
explained in terms of scattering from small-scale (<1 km)
irregularities. In a 2-s period during which the eight 3.2-ms
chips are transmitted, the satellite travels about 16 km.
Echoes coming from individual 3.2-ms chips are returning
from regions with different characteristics as scatterers and
may lack phase coherence. Such pulses when added may
lead to cancellation such that weak integrated echoes that
may have been generated may not be detectable over the
background. In the case of discrete echoes that result from
propagation of RPI signals in a relatively smooth magneto-
sphere, the coherent integration scheme has a better chance
to achieve greater echo strengths.

5. Discussion

5.1. Ionospheric Reflections and Their Importance

[85] The rare whistler mode echoes in the 200–800 kHz
range found at high latitudes in the ISIS program were
interpreted in terms of ground reflections that followed a
mode-coupling process in the lower ionosphere [Muldrew,
1969]. The regular observations by RPI of what are
interpreted as ionospherically reflected whistler mode
waves may be attributed to several factors, including
greater radiation efficiency at whistler mode frequencies
(the RPI transmitting antenna is a factor of �5–10 longer
than the antennas used in the ISIS series) and the
occasional use of coherent integration. In view of the
efficiency with which RPI has produced whistler mode
echoes at high polar latitudes, the possibility exists that
the rare echoes found in the ISIS data were also the result
of ionospheric reflection.
[86] There are persuasive theoretical arguments in sup-

port of a lower-ionosphere reflection process for whistler
mode echoes. Upon reaching the altitudes of steep elec-
tron density gradients in the bottom side ionosphere at
�90 km, nonducted whistler mode signals at frequencies
above the maximum lower hybrid frequency in the
ionosphere (�10 kHz) are expected to have wave normal
angles outside the narrow cone required for downward
ionospheric penetration [Helliwell, 1965] and should thus
be internally reflected. If the downgoing signals are
initially confined to a duct, confinement is expected to
end in the topside ionosphere as the normal ionospheric
gradients become large enough to control further down-
ward propagation [Bernhardt and Park, 1977]. Because
there should be an angular spectrum of wave normal
angles at the effective endpoint of the duct, a distribution
of angles should then be present at the lower ionospheric
boundary. Only a subset of these angles, however, may
be close enough to the vertical to allow the associated
waves to exit the ionosphere into the Earth-ionosphere
waveguide.
[87] The geophysical importance of whistler mode

reflections is suggested by observations showing that
whistler mode waves propagating along a magnetospheric
duct can spread widely as a result of ionospheric reflec-
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tion, illuminating other ducts as well as nonducted paths
[e.g., Rastani et al., 1985; Smith et al., 1985; Carpenter
and Orville, 1989]. It will be recalled that in their classic
paper on the limits of particle fluxes in the magneto-
sphere, Kennel and Petschek [1966] used an estimated
whistler mode ionospheric reflection coefficient in
discussing the role of whistler mode noise in maintaining
an equilibrium state of energetic electron flux levels in
the magnetosphere.
[88] Discrete RPI whistler mode echoes observed on

IMAGE provide an opportunity to investigate the iono-
spheric reflection process as a function of frequency and
geophysical parameters. During a single plasmagram re-
cording of whistler mode echoes extending from �60 kHz
to 300 kHz, as in Figure 2a, the satellite moves �200 km,
with a corresponding change in the propagation path and
region of reflection. From the observed distribution of echo
properties with frequency, remote estimates of ionospheric
and low-altitude plasmasphere ‘‘smoothness’’ may be
obtained.

5.2. Electron Density Irregularities and Their
Importance

[89] The auroral and polar ionospheres are highly struc-
tured regions containing electron density irregularities rang-
ing in size from meters to hundreds of kilometers. Various
processes are believed to cause the irregularities, including
plasma instabilities, particle precipitation, and plasma drifts.
Little detailed knowledge of polar region density and
density structures is available, [e.g., Sojka et al., 2000],
although these phenomena are intimately tied to the physics
of auroral acceleration processes, including polar ion out-
flow, auroral precipitation, visible and radar aurora, and
substorm activity [e.g., Kelley et al., 1990; Schunk and
Nagy, 2000]. On the practical side, the irregularities are
important because they contribute to the fading of high-
frequency trans-ionospheric signals and to the degradation
of ground-satellite communications. Forecasting and spec-
ification of the irregularities is a major component of space
weather programs.
[90] In the past, in situ high-latitude electron density at

low altitudes (�2 RE geocentric distance) has been deter-
mined primarily through either Langmuir probes [e.g.,
Kletzing et al., 1998 and references therein] or topside
sounding using the free space modes and plasma resonances
[e.g.,Muldrew, 1969; Timleck and Nelms, 1969; Benson and
Calvert, 1979]. At higher altitudes (2–5 RE geocentric
distance), the upper cutoff of whistler mode radiation at
fpe was used to determine the electron density [e.g., Persoon
et al., 1983, 1988]. These studies have provided a picture of
a high-latitude magnetosphere with highly variable electron
densities and structures of various scales.
[91] Past work on whistler mode propagation [see Smith,

1960; Helliwell, 1965; Bell et al., 1983; Sonwalkar et al.,
1984; Bell and Ngo, 1988; Sonwalkar, 1995, and references
therein], as well the results on whistler mode echoes
presented here, demonstrate that whistler mode propagation
is profoundly affected by density irregularities of dimen-
sions transverse to B ranging from meters to tens of kilo-
meters and larger. The reason why the waves are strongly
reflected, refracted, scattered, or guided by irregularities of
such widely varying sizes is that, depending on the wave

normal direction with respect to the geomagnetic field, the
whistler mode refractive index can range over 3 orders of
magnitude (�1–1000).
[92] Three types of irregularities—ducts, large-scale fea-

tures (1–10 km), and small-scale features (10 m to 1 km)—
appear to influence whistler mode propagation. Each seems
to be associated with certain characteristics of RPI whistler
mode echoes.
[93] Ducts are field-aligned enhanced or depressed col-

umns of ionization, typically �0.1L in width, that extend
over long distances, often from one hemisphere to the other.
It is generally accepted that ducts are responsible for the
observation on the ground of lightning-generated whistlers
[Helliwell, 1965] as well as impulsive auroral hiss [Siren,
1975; Sonwalkar and Harikumar, 2000] These waves could
not otherwise have reached the ground because of the total
internal reflection within the ionosphere expected for non-
ducted whistler mode waves propagating (typically) at large
wave normal angles.
[94] Large-scale irregularities with spatial scale sizes of

order 1–10 km can lead to multiple paths of propagation for
waves injected from the ground or for those reflecting in the
lower ionosphere at the Earth-ionosphere boundary or at an
altitude where f = flh. This multipath propagation can affect
the characteristics of the nonducted whistler mode waves as
they subsequently move through a region of maximumwave-
particle interactions along their path, thus reducing the
effective length of that region [Sonwalkar et al., 1984; Bell,
1984]. Multipath effects have also been proposed to be
responsible for the generation of diffuse plasmaspheric
hiss from discrete magnetospherically reflected whistlers
[Sonwalkar and Inan, 1989;Draganov et al., 1992]. Plasma-
spheric hiss has long been considered to be an important
factor in the maintenance of the stability of the radiation belt
electrons [Kennel and Petschek, 1966; Thorne et al., 1973].
[95] Scattering from small-scale �10–100 m irregular-

ities has been considered to be responsible for the
conversion of electromagnetic whistler mode waves into
quasi-electrostatic lower hybrid waves. Both lightning-
generated whistlers and auroral hiss have been proposed
as sources for lower hybrid waves [Bell and Ngo, 1988,
1990; Bell et al., 1991; Sonwalkar and Harikumar, 2000].
Such waves are important because they couple both to
electrons and ions. It has been suggested that lower
hybrid waves are the most efficient in heating supra-
thermal ions in the auroral region [Lysak et al., 1980;
Chang and Coppi, 1981; Bell et al., 1993]. Bell and Ngo
[1988] even suggest that, given that some process has led
to the creation of a small-scale irregularity, it is possible
that lower hybrid waves, generated by scattering of
whistler mode waves, could work to maintain or enlarge
the irregularity. Evidence has also been presented that
ionospheric topside sounders can, under certain plasma
conditions, either generate or enhance field-aligned irreg-
ularities [Benson, 1997].

5.3. Whistler Mode Diagnostics of Electron Density

[96] When IMAGE operates near or below 4000 km
altitude, the whistler mode can supersede the free space
modes for RPI sounding. At altitudes below �4000 km, the
apparent ranges of the received O and X mode echoes
approach the 0.3 RE lower limit imposed by the minimum
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3.2 ms RPI pulse length. The whistler mode is not
restricted in this way, however, because of its low group
velocity.
[97] Discrete whistler mode echoes can be used to inves-

tigate the electron density at altitudes up to about �5000 km
along field lines near the plasmapause, in the auroral
regions, and over the polar cap. These low-altitude regions,
and their spatial ne variations under various geophysical
conditions, are poorly known.
[98] Diffuse whistler mode and Z mode echoes can be

used to investigate electron density irregularities. The dif-
fuse whistler mode and Z mode echoes provide comple-
mentary information: the whistler mode senses irregularities
along the field line passing through the satellite while the Z
mode senses those in the direction perpendicular to the local
field line (echoes at fce < f � fuh) as well as in all directions
from the satellite (echoes at f < fce). The Z mode echoes also
permit calculation of local electron density which can be
used as a reference density in ray tracing.
[99] Following reception of a discrete whistler mode

echo, ray tracing can be performed between IMAGE and
the lower ionosphere, using an empirical model of the
density variation with height. From the echo delay and
dispersion, or variation in whistler mode travel time with
frequency, it is possible to infer the scale factor of the
density distribution along the field line as well as determine
whether or not the whistler waves propagated in a ducted or
nonducted mode. Changes in echo travel time from one
sounding to the next and from sounding statistics will
provide a basis for describing the density profiles in the
low-altitude plasmasphere boundary layer. Echo amplitudes
can be used in studies of ionospheric reflectivity over a wide
range of L values and of path losses due to absorption and
spreading.
[100] Additional constraints on ray tracings and thus on

electron density models can be placed if, in addition to time
delays, the wave normal angles of the received echoes are
also used to match those from ray tracings. In principle, it is
possible to determine the wave normal angle of the echoes
from the echo amplitude and phase measured on three
antennas as discussed in section 5.4 and also in Sonwalkar
et al. [2001]. Echo time delay spreads of the order of 10–
20 ms can be used to infer the presence of refracting order-
of-10-km scale irregularities close to the ray paths returning
from the Earth-ionosphere boundary.
[101] When time spreading of whistler mode waves

becomes so great as to cause the electromagnetic aspects
of the transmitted signals to be eclipsed by quasi-electro-
static echoes, as in the case of diffuse echoes, the ray-tracing
analysis will change to focus on the properties of the field-
aligned irregularities that cause them and on the mecha-
nism(s) of generation of quasi-static whistler mode waves
from incident electromagnetic whistler mode waves. Similar
analyses may be performed on the diffuse Z mode to
investigate the density irregularities occurring in the direc-
tions other than that along the field line passing through the
satellite.

5.4. Some Remaining Issues: Measurement of Wave
Normal Angle and Antenna Properties

[102] A number of specific questions involving RPI and
the whistler mode remain to be addressed. These include the

power radiated in the whistler mode, the effects of antenna
orientation on transmitted and received signals, the wave
normal angles of detected whistler mode echoes, the effects
of the antenna coupler network on whistler mode trans-
missions, and the problem of detecting RPI signals at
ground stations.
[103] It is possible to measure the wave normal direc-

tion of whistler mode echoes from the electric field
magnitude and phase received on the three antennas by
a method described by Sonwalkar et al. [2001]. This
method assumes that the antenna effective length for each
antenna is about the same as its physical length (or is
proportional to its physical length). The method is based
on the recognition that the wave normal angle of whistler
mode signals is related to its polarization, which can be
measured by the three RPI antennas. A method to
simultaneously determine the wave normal direction and
antenna effective length from the propagation of ground
transmitter signals to a satellite was previously developed
from Siple Station, Antarctica transmitter signals received
on the DE-1 satellite [Sonwalkar and Inan, 1986]. This
method can be modified and used to recalibrate the two
long RPI antennas for their effective lengths (recalling
that the antennas have suffered some damage) by mea-
suring signals from ground transmitters on the three
antennas. Because of the large change in refractive index
from unity below the Earth-ionosphere boundary to �5–
10 as the signal enters the lower ionosphere, such ground
transmitter signals should have almost vertical wave
normal angles close to the perigee (�1200 km) of
IMAGE. From this known wave normal angle, assuming
whistler mode propagation, we can estimate the polariza-
tion ellipse for the electric field vector and thus the ratios
of the electric fields along the three dipole antennas.
Comparing these ratios with those of measured signals
(voltages) on the three antennas, we can determine the
effective lengths of the X and Y antennas with respect to
that of the Z antenna (which is assumed to be known).
[104] There is a need for study of electric antenna

operations in the magnetospheric plasma when kilovolt-
level voltages are applied at whistler mode frequencies.
At low frequencies (f < 300 kHz), the antenna capaci-
tance is mainly due to the plasma sheath surrounding the
antenna. This capacitance is a function of the antenna
voltage and changes during an RF cycle. Thus the
‘‘impedance’’ of the antenna cannot be defined in the
usual way. Under such conditions the antenna response is
expected to be a nonlinear function of the applied
voltage. Past works have obtained first-order estimates
of electric dipole antenna impedance, efficiency, and
radiation pattern using linear theory valid at low voltages
[Mlodnosky and Garriott, 1963; Wang, 1970; Wang and
Bell, 1972; Inan et al., 1981]. One study has determined
experimentally that the antenna effective length at VLF
for a 200-m-long receiving dipole antenna on the DE-1
satellite [Sonwalkar and Inan, 1986] is the same as the
physical length. However, there has been no experimental
study of the radiation properties of a VLF antenna in
space operating at high voltage.
[105] Special campaigns to study penetration of the

ionosphere by whistler mode signals have been con-
ducted, thus far without evidence of signal detection at
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ground receivers. Various problems have limited the
scope of these efforts, which are nevertheless ongoing.

6. Summary and Concluding Remarks

[106] Discrete whistler mode echoes of 3.2-ms and
25.6-ms sounding pulses have been observed on RPI during
operations at altitudes generally less than �5000 km within
the plasmasphere and over southern auroral and polar
regions. These echoes are interpreted as reflections of RPI
signals from the Earth-ionosphere boundary near 90 km
altitude. On frequency-versus-time records, the echoes were
whistler-like in form, exhibiting a falling-tone characteristic
at the low-frequency end and confinement to frequencies
below the lower of either the local electron plasma
frequency fpe or the electron gyrofrequency fce. During
soundings with 3.2-ms pulses at or below �4000 km
altitude within the plasmasphere where fpe was larger than
fce, there was evidence of a frequency of minimum delay or
nose frequency, as cold plasma propagation theory would
predict. Poleward of the plasmasphere, where fpe was
typically less than fce, whistler-like forms extending above
200 kHz were detected. In accordance with theory they
exhibited upper limits near the local plasma frequency, and
instead of a frequency of minimum delay, roughly constant
delays with frequency above 200 kHz, the lower-frequency
limit of many of the records. Discrete echoes were detected
on �10–20% of the individual soundings, which were
typically conducted at �1000 km intervals when IMAGE
was at altitudes below 3000 km. When observed, the echoes
tended to appear on more than one sounding. In one case
that was illustrated, they appeared on 5 successive sound-
ings extending from L � 5.5 to L � 2.2.
[107] Diffuse whistler mode echoes, showing a range of

time delays at each frequency, have been observed on �10–
20% of the individual soundings over the southern polar
regions at altitudes typically less than 5000 km. Diffuse
whistler mode echoes are interpreted as evidence of a
previously observed process involving coupling between
transmitted electromagnetic whistler mode signals and qua-
si-electrostatic modes excited at the boundaries of density
irregularities, followed by an additional stage of reflection
from small-scale ne structures. Diffuse whistler mode ech-
oes have been observed primarily from 3.2-ms pulses and
only rarely on 25.6-ms pulses obtained from coherent
integration.
[108] Diffuse Z mode echoes were found to be an essen-

tially ubiquitous phenomenon wherever fpe/fce < 1, having
been detected during 90% of the soundings, both when
whistler mode echoes were detected and when they were
not. Diffuse Z mode echoes are interpreted as Z mode RPI
signals scattering back from electron density irregularities
present in the neighborhood of the satellite. As in the case of
diffuse whistler mode echoes, the Z mode echo occurrence
rate dropped by a factor of roughly 3 when 25.6-ms pulses
employing coherent integration were used for sounding.
[109] Ray-tracing analysis provides natural explanations

for many spectral features of the whistler and Z mode
echoes as well as their occurrence patterns. A general
picture of a highly structured high-latitude magnetosphere
capable of reflecting, scattering, and guiding whistler and
Z mode signals has emerged from this analysis.

[110] The ray-tracing analysis has also demonstrated that
whistler and Z mode echoes can be used to remotely sense
magnetospheric plasma at various scale lengths. The mea-
sured dispersion of discrete whistler mode echoes can be
used to determine the plasma density along the field lines
passing near the satellite as well as to identify ducted and
nonducted modes of propagation. Diffuse whistler mode
echo dispersion can be used to determine the presence and
scale sizes of field-aligned irregularities along the field lines
near the satellite. Z mode echoes provide information on
local plasma density and on density irregularities in direc-
tions not accessible to whistler mode propagation. If the
echoes are analyzed both within individual soundings and
on successive soundings, it is possible to map changes as
IMAGE moves from high-latitude polar and auroral regions
through the plasmasphere boundary layer and into the main
plasmasphere.
[111] Most of the whistler and Z mode activity reported

here has been incidental to sounding experiments designed
for the free space modes. The RPI results, however, dem-
onstrate the high potential value to magnetospheric research
of dedicated space-based whistler and Z mode wave injec-
tion experiments on future missions.
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